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I. INTRODUCTION AND PROJECT OVERVIEW

It is of scientific and practical interest to understand the transient transport and dispersion of
airborne pollutants in large indoor spaces (such as atriums, auditoriums, theaters, airport lounges,
and subway stations). The problem is of scientific interest since it addresses an airflow and
pollutant transport regime (low Reynolds number turbulent mixed-convection in enclosures) that
has not been fully studied or well characterized. The problem is of practical interest since
improved understanding will facilitate the assessment of the risk to occupants from an accidental
release of airborne toxic pollutant in the space, and identification and evaluation of ways to
reduce occupant exposures in the event of such release.

Scientific research on air flows and pollutant transport in large interior spaces is an emerging
field. The literature is relatively sparse compared to, say, pollutant transport processes outdoors
in atmospheric boundary layers. While there are many experimental and computational studies of
air flow and temperature distribution in indoor spaces, most of them focused on occupant
comfort. In these studies, mostly the long term average air flow patterns have been of interest.
For non-isothermal flows, the attention has been focused on achieving comfort conditions, rather
than on transporting thermal energy as a scalar variable. We present a summary of the published
research through 1997 (when we initiated our research planning) in Table 1. References at the
end of this section refer to papers cited in Table 1.

Only a few researchers have investigated pollutant transport, and those have been mostly limited
to studies of steady pollutant sources (so transient effects are not investigated), and sparse spatial
sampling (so spatial distribution of the pollutant cannot be measured in detail). However, with
open-path rapid optical scanning instrumentation, and inversion of the collected data with
computed tomography (as reported here), we now can experimentally measure rapid dispersion
of transient plumes in indoor spaces in the presence of realistic ventilation rates.

An airborne pollutant released in the space is transported by the flow of air (advection), and also
disperses in the opposite direction of concentration gradients (diffusion). The air flow in large
spaces is driven primarily by mechanical ventilation, and thermal buoyancy caused by surface
temperature differences and heat sources. Natural ventilation and infiltration are negligible or
secondary effects in most circumstances. Based on the floor area and mechanical ventilation

rate, the Reynolds number characterizing the air flow is of the order of 106. Thus the flow is in
the turbulent regime. The Rayleigh number characterizes the strength of buoyancy forces
relative to viscous forces in natural convection. In most indoor spaces of interest, this can be of

the order of 1012
ventilation.

leading to buoyancy-induced turbulence even in the absence of mechanical

This report describes the experimental and computational research conducted under the Large
Space project in the Indoor Environment Department from mid-1998 through January 2000.

The transport of a pollutant (or its surrogate: a tracer gas) can be measured throughout the space
by several commonly used research instruments (e.g., pump-and-tube samplers). However, these



measurements techniques are relatively slow, and highly intrusive, which can disturb the air
flows and pollutant concentrations that they aim to measure. In Sections II and III, we report
on a novel and powerful measurement method for airborne tracer gas concentrations that is both
rapid and non-intrusive.

Under some circumstances, the dispersion of pollutants in a large indoor space can be
investigated rapidly and accurately by conducting experiments with scaled-down models. In
Section IV, we report on a successful effort to study the dispersion of a neutrally-buoyant
pollutant in an isothermal large indoor space by investigating the dispersion of dye in water in a
scale model. Postprocessing of digital video and still images of the dye concentration allowed us
to obtain qualitative and quantitative information that assisted with the design of the full scale
experiments, as well as provided early verification of the accuracy of our computational
approach (summarized below).

The air velocities throughout the space can also be determined by solving the differential
equations governing the motion of air: the Navier-Stokes equations, and the equations of
continuity and conservation of thermal energy. Under all practical indoor conditions, the air can
be treated as an incompressible fluid, and the thermal buoyancy effects from air temperature
differences can be accommodated using the Boussinesq approximation. An appropriate model of
turbulence must be incorporated into the governing equations for the air flow. Depending on the
relative density of the pollutant-bearing air, it can be treated as a passive or active scalar. In the
latter case, buoyancy effects must be taken into account in the governing equations for pollutant
transport. In the period covered by this report, we limited our investigations, described in
Section V, to passive scalar pollutants, i.e., those which are sufficiently dilute to neglect
buoyancy effects on their transport and dispersion.

Even under the simplest of practical situations, solving the Navier-Stokes equations requires
large computational resources. Depending on the algorithms and approximations introduced in
the solution process, the results of the calculations will contain errors of various magnitudes.
These can be acceptably small, or unacceptably large. Comparing CFD predictions to
experimental data offers an opportunity to assess the effects of modeling decisions.

Once verified against high quality experimental data, such mathematical models of air flow and
pollutant transport offer the only practical means of exploring the details of pollutant dispersion
in realistic complex occupied indoor spaces without excessively disrupting the occupants. The
computational approach also allows effective exploration of alternate methods for pollutant
containment (air curtains, alterations in ventilation inlet and outlet positions and flow rates) that
would be prohibitively expensive, slow, or simply impossible if based solely on experimental
investigation.
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Authors Experiment  |Calculation Temperature Room Size Supply Room Air Room
(_T=Tjer- (LxWx Flow Supply Air
Troom) H) Rate Exhaust
(L x H) [m]
Haghighat Flow (O) 10.0x4.0x3. Infiltration Ceiling Two Zone
et al. Particle(O) 0 slot
(1990) Side wall Different
slot location of
exhaust and
¢-_ model of contaminant
turbulence source
Heiselber Flow (X) -5.6K 4.2x3.6x2.4 1,0, Side wall Side Local mean
g Particle (O) (cooling) L.5, slot wall Age &
(1996) 3.0 slot ventilation
Tracer gas 0.0K and effectiveness
(COy) (isothermal) 6.0
decay method ACH
6.4K (heating)
Shimada Ultrasonic FLUENT Isothermal 3.3x2.7x2.0 Ceiling Side Clean room
et al. anemometer slot wall type
(1996) (flow) k-_ model slot
Effects of
Laser particle | Gravity, position &
counter inertia and height of
-0.14_ m thermal emission port
polystyren effect is
latex particles | neglected CPU 48hr
(concentration) (HR735/125)
138,600 grid




Authors Experiment Calculation Temperature Room Size Supply Room Room
(_T=Tjer- (LxWx H) Flow Air Air
Troom) (L x H) [m] Rate Supply Exhaust
Heber & Flow (O) Tie=14.9 5.88x3.33 Ceiling Side Livestock

Boon. ultrasonic Texhaus=17.7} slot wall slot building

(1990) anemometer C
Particle (X)

Jin & Flow (O) Isothermal 4.8x3.0 0.5-10 Side wall Side Correlation
Ogilvie m/s slot wall slot between the
(1996) Particle (X) velocity in the

occupied zone
and supply jet
Zhang et al. Flow (O) _T=0.0-9.8;C | 11.5x9.1x2. 5-10 Side wall Side Subfield
(1990) Particle (X) 1 ACH slot wall slot modeling
Zhang et al. Hot wire -1.3K 5.5x7.3x2.4 Supply | Side wall Side Velocity
(1992) (flow) (cooling) except near air slot wall slot fluctuations
the wall velocity
Thermocouple 0.0K because of a Turbulence
(temperature) (isothermal) long slot 45.5, intensity
106, & kinetic
Smoke 8.8 & 19.6K 152 energy of
titanium (heating) m/min turbulence
tetrachloride
(flow
visualization)
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Fissor & Flow (O) Ar=-2.5-24.9 4.3x2.7 Re=1474-5151 Side Side Relation
Liebecq Particle (X) long and wall wall slot | Between mean
(1991) narrow with slot velocity of air
a high in the occupied
triangular zone and jet
roof velocity
Chow & Flow (O) Tje=20.4-22.5 (20-76.2) 3.3-1-/9 Side Side Any design
Fung Particle (O) Troom=20.6- x(15-25.2) ACH wall wall yardstick used
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(T= Tier- (LxWx Flow Air Air
Troom) H) Rate Supply Exhaust
(L x H) [m]
Tavakol et al. Flow (O) Isothermal 3.7 206-316 Ceiling Jet flow
(1994) x(3.6-11.0) L/s (4way & characteristic
Particle (X) x2.7 Circular) S
Dresher et al. Flow (X) Maximum 3.53x3.74 Mixing Time
(1995) temperature x2.36 pump constant
Paticle (O) difference in flow for mixing
the room rate: for a forced
(0.25-1.0...0) 6-60 convection
m’/hr
Baughman et Flow (O) Maximum 3.53x3.74 Time
al. Particle (X) temperature x2.36 constant
(1994) difference in for mixing
the room for a natural
(0.4-1.15;C) convection
Grimitlyn & Flow (O) Buoyancy Jet flow
Pozin Particle (X) effect characteristic
(1993) (O) ]
including
wall
and jet
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Warfield Particle (O) buoyance Cabin mounted | outboard | developed by
(1992) effect and nozzle exhaust NASA
dispersion & lower
including lobe grill
obstruction
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(T= Tjer-Troom) | (LxWxH) Flow Supply Exhaust
(LxH) [m] Rate
Chen (1997) Flow (O) Flow (O) Buoyancy 5.6x3.0x3. 5 ACH Side wall Side wall | Comparison
cf. Chen & | Particle (O) | Particle (O) effect 2 rectangula | rectangula
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source modeling
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modified k-_ model modeling
k-_ model & modified by
RSV buoyancy Thermal
production plume
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Drivas et al. Diffusion Short-term
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Williams Particle (O) analytic
(1995) sol.
Nicas Theory
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II. A LARGE INDOOR FACILITY FOR TRACER GAS EXPERIMENTS

Introduction

Measurements of gas dispersion are useful for quantitative analysis of air flows, fluxes of trace
gases and pollutants, and for testing predictions from computational fluid dynamics (CFD). In
particular, it is of interest to measure the spatial and temporal features of gas dispersion in indoor
environments where contaminant concentration distributions, and hence human exposure, can
change rapidly with time and in space (Rasouli and Williams 1995; Beychok 1997; Rasouli and
Williams 1997).

Previous work on measuring the dispersion of indoor air has been conducted using both
conventional pump-tube sampling (e.g. Baughman et al. 1994; Drescher et al. 1995), and the
combination of open-path (OP) remote sensing (typically with Fourier transform infrared
spectroscopy) and computed tomography (CT) (Yost et al. 1994; Drescher et al. 1997; Todd and
Bhattacharyya 1997; Piper et al. 1999; Price 1999). In applications requiring rapid non-intrusive
measurements with good spatial coverage and resolution, new technologies have allowed us to
make substantial improvements in speed over past efforts.

In this section we describe a measurement system and experimental chamber that provide the
capability to measure the temporal evolution of tracer gas concentration during a transient
release. The measurement system combines rapid OP measurements using a tunable-diode-laser
(TDL) spectrometer. These data are then used to reconstruct a map of gas concentration using
computed tomography algorithms described in the next section.

Materials and Methods

* Tracer Gas Measurement System

Path integrated gas concentrations are determined by measuring the attenuation of infrared
radiation in the region of a peak in the absorption spectrum of the tracer gas of interest (here,
methane). To continuously correct for absorption by other gas species (e.g. water vapor), the
system compares the attenuation spectrum measured in an open path with that observed in a
reference cell containing only the tracer gas. The gas measurement system, called LasIR, was
manufactured for us by Unisearch Inc., London Ontario, Canada. Here we provide a brief
description of the system components.

e Tunable diode laser spectrometer (LasIR)

The spectrometer employs a single mode distributed feedback (DFB) tunable diode laser
operating at 1.635 microns. The laser frequency is controlled by the diode temperature which is a
function of bias current and thermal cooling, both of which are actively controlled. After a two-
stage optical isolator and fiber-optic coupler, the output power of the laser is ~ 10 mW.

The optical layout internal to the LasIR, shown in Figure 1, divides the beam into three parts
with a beam splitter. First, 10% of the light is used to supply an internal CH4 reference channel
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that contains a sealed cell of ~ 0.1 % CHs. The remaining light is passed through a calibration
cell and then divided into two measurement beams that are available at the back of the
instrument at fiber optic output ports. Hence, the calibration cell is always included in any path
being measured. The absorption spectrum is detected in the reference channel and both
measurement channels using two-tone frequency modulation as follows.

The fundamentals of detection with two-tone frequency modulation (TTFM) are reviewed in
(Brassington 1995). Briefly, in the present system, a modulation signal is produced by mixing a
high frequency carrier (~ 500 MHz) and a second fixed oscillator at 5 MHz to produce tones at
495 and 505 MHz . The two-tone signal is added to the laser bias current to produce two sets of
side-bands (495 and 505 MHz) above and below the frequency of the laser line. The laser
radiation is then emitted from launching optics, traverses the open path, and is absorbed on a
photodiode detector. The relative intensities of the sidebands reaching the detector depend upon
how much each set of sidebands is absorbed by the CHy4 line. The presence of CHy4 in the open-
path results in a 5 MHz signal that can be detected using the relatively inexpensive room
temperature gallium phosphide (GAP) detectors. The 5 MHz signal is carried over co-axial
cable from the detector to the LasIR and demodulated. The system also sweeps the two-tone
signals across the CHy line (the total frequency sweep is ~ 0.4 cm™) at ~ 1 kHz in a saw-tooth
pattern. The result is a signal that approximates a second derivative of CH4 absorption as a
function of laser center frequency. For each sweep of the laser, the amount of CHyin the
measurement channels signal is determined by performing a linear fit of each measured signal
spectrum to the reference channel spectrum. The slope of the fit, normalized by the total power
in the measurement channel, is a measure of the amount of CHy present. For each measurement
channel, a mean slope is computed every four sweeps, is normalized by the mean signal power,
and is transmitted from the LaslIR to the host computer every 11 ms using two 16 bit parallel
digital interfaces. The resulting detection limit for CH4 is approximately 2 ppm-m in a one
second integration, yielding a maximum dynamic range of about 10,000.

* Fiber optic/RF multiplexers

A schematic diagram of the fiber and open path optics is also shown in Figure 1. Each of the 2
optical channels available from the LasIR is multiplexed onto one of 30 fiber optic lines that lead
to the open-path source lenses. All of the fiber-optic cables have angled connections to reduce
interference fringes which arise from multiple internal reflections within the optical paths from
the laser to the detectors.

* Open-path optics

The open-path sensors used in this system come in two types. First, the thirty long optical paths
(from 2-30 m in length) each comprise a pair of source and receiving optics and are henceforth
termed remote sensors. The source optics is a single 0.6 cm diameter glass lens that has been

anti-reflection coated for 1.6 micron radiation. The remote receiving optics is a 2.5 cm diameter
collection lens that has no anti-reflection coating and a 0.3 cm diameter glass lens that is part of
the GAP-1000L detector package (Germanium Devices Inc.). Both the source and receiving
optics are mounted in stages that allow limited adjustment of the direction of the optic axis.
Second, thirty short optical paths (each 0.1-1 m in length) each comprising a single folded path
using a source optics, a return mirror, and a GAP-1000L detector. All of these components are
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mounted in stages, and are affixed to a single steel tube. This arrangement is henceforth termed
a point sensor. In the standard configuration the point sensors have a physical length of 0.5 m
and an optical path length of 1m. Coarse positioning of the remote sensor optics is achieved with
a pair of right angle tubes with clamps(source optic) or ball and socket (receiver optic) mounts.

* Host computer software

The host computer controls the two optical multiplexers to select which long and short path
channel will be measured. The integration time on each channel is specified in a sequence file
that is loaded at the beginning of each experiment. The minimum integration time on a given
path is 200 ms. During an experiment, the raw (uncalibrated) data measured by each of the two
channels of the LasIR are transmitted to the host computer as a 16 bit digital words every
I1msec. This high-speed data can be recorded onto the hard disk. The host computer then
integrates the raw data over the specified integration period, applies the calibration factors stored
in the calibration file, and writes the measured average CH4 concentration, the standard deviation
of those data, and the number of data points in the average, to the hard disk.

* Calibration gas supply system

Calibration of the LasIR instrument is performed by measuring signal levels on all the optical
channels after filling the 12 cm long calibration gas cell internal to the LasIR with a known
standard. Currently, a system of solenoids and a pump allow one to fill the calibration cell with
either ambient laboratory air, 1% CH4in N,, straight N,. Before a set of experiments an initial
two point calibration (using ambient air and the 1% CHy) is performed to calculate approximate
values for the offset and gain of the system. In addition to the initial calibration, the two point
calibration is repeated at the beginning of each experiment to check for offset drifts. Following
each calibration the cell is flushed with ambient air from the laboratory or N,.

* Experimental Test Chamber

The chamber is located in Building 71-106 on the LBNL site. It has approximate dimensions 7m
X 9m x 11 m in height (~ 690 m’ volume), is lined with galvanized steel sheets, with the sheet
seams sealed with aluminum tape. A schematic drawing of the chamber, with five air supply
registers and the air exhaust register, is shown in Figure 2. The supply registers are 1.3 m wide
and 0.3 m high. The floor, the lower 2.3 m of the chamber walls, and the entire East wall of the
chamber are constructed of concrete. The remaining upper sections of the chamber walls and
ceiling are hollow. The exhaust register is a square approximately 50 cm on a side that is
recessed into the ceiling in a 1.8 m x 1.2 m x 1.2 m tall air shaft (not shown in Figure 2). In
addition to the HVAC system, a blower mounted in the South wall of the chamber at a height of
approximately 4 m can be used to rapidly flush the chamber.

* Optics geometry in chamber
The optics are mounted so that all optical paths are horizontal and within 10 cm of a horizontal

plane 2 m above the chamber floor to allow measurement of gas concentrations. The remote
optical sensors are mounted (using magnetic clamps) to 0.5 cm thick steel bars fixed to the
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chamber chamber walls, while the point sensors are suspended from cables just above the plane
defined by the remote sensors. A plan view of the layout of the optical paths is shown in Figure
4. In addition to the sensors shown in Figure 4, an additional point sensor is used to monitor the
concentration of CHy in the ventilation air supplied to the room (at the lowest supply register).

HVAC and Tracer Gas System

A schematic showing the layout of the flow and temperature control systems is shown in Figure
3. The system can supply air to the room at temperatures ranging from approximately 10 to 30
C, from approximately 1.5 to 6 air changes per hour (ACH). The flow rate of supplied air is
measured with a flow measurement station comprising 15 and 30 cm diameter venturis in
parallel, each instrumented with a digital manometer. A second set of venturis, located in the
outside air supply stream, were installed bu